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SYMPOSIUM ON COSMOGONICAL PROCESSES

60th Birthday Celebration A. G. W. Carrreron
University of Colorado, Boulder tfarch 25-27, 1985

COSMIC RAYS, SUPERNOVA, AND THE ORIGIN OF ULTRAHICH ENERGY PARTICLES

S. A. Colgate
Los Alarnos National Laboratory
Los Alamos, New Mexico 87545

Prologue

At this conference in honor of Al Cameron - organized by his many

and able students - it was remarked how all the organizers, Al’s

students, avoided giving talks and writing papers such as this.

However, the perfect topology was broken because unaware to them, I have

considered myself in the same category as one of Al’s students. My

education in astrophysics started a bit later in age than the

organizers, but Al was no less rigorous. I remember him asking me such

student-oriented questions as:

1) What nuclear

2) HOW would YOU

3) HOW could YOU

synthesis would happen behind such supernovs shocks?

get enough light out of a supernova to make a quasar?

power a quasar with supernova?

4) What prompt gamma rays and x-rays would you Ret from a supernova?

Once 1 had finished a few ot these assignments, 1 WJIKboth a student of

Al’s and an astrophysicist

Abstract

The acrrleration o!’ ultrahigh energy cosmic ray~, J 10
15 - 20

e’v ,

if~ still an unsolverf problem in high-energy astrophysics. The now

classical mechanism of Rtochastir acceleration of cosmic rays in a

~troilg shock in the inter~tellar or i,ntrr~alactic medium is limit~d in

time and dimennion for all likely acceleration niteq, particulrnrly for’



the highest energies. Acceleration of cosmic rays across a plasma shock

of velocity, ~s ($S = v~hock/c), requires 1/$s number of crossings ano

therefore (1/~~)2 number of scattering for doubling the energy of a

particle, This requires a space of the order of l/Bs x the scattering

length, or a mult~ple of the Larmor radius and hence, the space require-

ments for cosmic ray acceleration are very many Larmor orbits in dimen-

2
sion, as well as times that are larger by (1/~s) x tLarmor. The

acceleration of cosmic rays by the shock in the envelope of a Type I

supernova is reviewed, and the interaction of the accelerated matter

with the nearby ISM is considered. The spectrum of relativistic ejected

matter is preferentially trapped in the ISM. Further acceleration of

each energy group should take place in both the near relativistic shock

wave and the compression by the following

ation of ultrahigh energy cosmic rays in

stationery magnetic neutron star such

matter, The possible acceler-

the accreticn disk of a near-

as Cyg-X3 is another strong

possibility. Here the diffusion of magnetic flux radially outwards

opposite to the viscous diffusion of mass radialiy inwards is considered

as a iikely topology for a unipolar genera~or acceleration of ultrahigh

energy particles.

Introduction-—-..-,.—..—-. ..

Tht*highest thermal temperature ohHervrd in astrophysirnl phenomeno

is probably th~ gamma burst a~sociated with the March 5th event wherr

k’1’2 20 keV. The highest nonthermal ph~nornrna is certainly the ultrahigh

energy cosmic ray sprctrum extendinR up to - 1(+() Pv. Thr highv~l

ener~ieh ~tio th~ most difficult LO explain. III Fig. 1 from Hilllls

(1984), the distributlc)n of cosmic rny enrrRy as n functi(~n ~Jfflllx 1~

nhown an a band rie#rr{hinR tilrlimit~ of error from thr lowPNl erf’YRy to



~020
eV or r = ~1-p2 = 1011. The high energy region,

shows several possible modifications from the original

titular the partially conflicting results from the

19 ev
above 10 )

curve. In par-

Yakutsk group

(Atrashkevich et al. 1985), and recent Fly’s Eye (Baltrusaitis et al.

1985) experiments are compared to the extensive data from Haverah Park,

In addition the spectrum expected from progressive black body photon

attenuation (Stecker 1968, Schramm and Hill 1983), is shown as would be

expected if the cosmic rays are stored in the metagalaxy and attenuated

by rays by interaction with the black body photons. This produces a

modest peak and then a sequentially reduced or steeper spectrum as a

function of age. Recently the Fly’s Eye experiment seems to confirm the

more rapid fall-off with energy previously indicated by the Yakutsk

data, so that presently there is some uncertainty concernin8 the ultra-

high energy spectrum, i.e., whether it is flat, or falls off as expected

due to the black body radiation. If indeed the more extensive Fly’s Eye

data confirm the roll off of the spectrum in the neighborhood of 10
20

eV, as expected from interaction with the black body radiation, then we

will begin to have a consistent picture of the highes~ energy cosmic

rays interacting in the metagalaxy with the primordial photons. This in

turn is only partially consis~ent with the measurements of anisotropy as

a function of energy, Fig. 2, that shows rrlativ~ly large anisotropy at

the very highest ●nergies consistent with galactic as well an extra-

8alactic sources, On the other bend there is another reason to exp-ct

2(I
an upper Iimlt of 10 PV, nhmely the Cyg X-3

Some l’kr!~a!~isrnsof _AptronomAti~lAcceleration. ................—-——-

Th~ one characteristf{ of astronomical

humn accelerators i~ ~hr high !Jrobobi]ity of

machine.
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function of acceleration. This frequently leads to power law spectra.

A few of the mechanisms that have been considered to produce high

energy particles are:

(1) The Fermi mechanism in the interstellar medium depends upon

stochastic particle interaction with turbulent clouds. In a sense this

process is a thermalization of the low-mass particles, cosmic rays with

the super-massive particles, and magnetic clouds. A problem is the

likelihood of charged-dependent acceleration. The fact that the cosmic

ray spect-rum is highly independent of the charge of the various nuclei

has led to the consideration of other mechanisms.

(2) By far the most popular explanation of intermediate energy

cosmic rays is the plasma ~hock in the interstellar medium from the bulk

moLion of supernova ejects (Bell 1978, Axford et al. 1977, Blandford and

Ostriker 1978, Krymsky 1977). A finite compression across the shock is

stochastically sampled by cosmic-ray particles diffusing back and forth

across it. This stochasticity and th~. attendant probability distribu-

tion of loss leads to a power-law spectra very close to what is

observed. However, as LaGarge and Caesarsky (1983) have shown, the

maximum likely erlergy to be achieved by a shock wave in the interstellar

13 - 14 e“
medium is only 10 Th~s limit is determined by the finite

time and dimension (magrletic flux) in the region of the supernova sl:ock

wave before it decays.

(3) A third mechanism is the hydrodynamic shock in th~ er,velope of

a compact supernova, presumably a Type 1 supernova (Colgate ana Johnson

1960, Johnson and McKee 1971, McKee and Colgate 1973, Colgatt’ and

Petschek 1979, and Colgate 19Rl~). This mechanism, in contrast to thr

previous two, is not stochastic in the usual sense, but instead depends



upon a purely hydrodynamic property of a shock wave progressing and

strengthening in the density gradient of a stellar supernova envelope.

A shock wave initially formed from a thermonuclear explosia.t, or a

standing shock on a collapsing neutron star core, experiences some 14

orders of magnitude rhange in density, and a somewhat larger change in

mass fraction before reachin~, the surface layer of the supernova

exvelope. It is these very large orders of magnitude that allow the

possibility of the hydrtidynamic origin of cosmic rays. However, r’urent

analytical and numerical modeling would indicate a power law spectrum

too steep by one power of E to agree with observations. In addition the

escape of cosmic rays after interaction with the nearby interstellar

medium is problematic. There exists the possibility that the energy may

be eithe~ drastically decreased or increased by this iriteraction.

(4) A rotating magnetic neutron star allows the possibility of

acceleration at the singularity at the light cylinder of a corotating

magnetic field (Berenzinsky 1983). The stress of a near-relativistic

velocity plasma at the light cylinder modifies the field geometry in a

way that is still not agreed upon. The accumulation of mass at the

sing~’larity tends to break the topology such that acceleration to

extremely high energies wculd seem unlikely unless a highly contrived

distribution of plasma flow is arranged.

(5) A pulsar rotating off axis will excite Alfvdn waves (Gunn and

Ostriker i969), which in turn give rise to strong wave-particle in-phase

accelerations and very high cosmic ray energies. This phenomena,

unfortunately, is sensitive to a phase destruction due to plasma loading

of the waves (Kegel 1971). Strong Alfv&n waves from an off-axis pulsar

may be seen in the Crab Nebula. The preservation of the phase relation-



ship necessary for ultrahigh energy particle acceleration is still

uncertain.

(6) Reconnection in helical, force-free magnetic fields of the

form, $ + 3=, leads to acceleration by the parallel electric field,

‘H’
due to the interruption of the J,, current. An acceleration

parallel to B is attractive because at the very highest energies, 1020

eV, synchrotrons radiation even by protons is immer,se. For example, a

~020
eV ~roton will radiate it-sown energy in 2 pulsar magnetic field of

10’2 gauss within a distance of a fraction of a micron. Hence ;*3

20
acceleration is attractive for 10 eV particles whenever magneLic

fields are stronger than a few gauss. The problem with reconnection, or

namely the enhanced resistivity produced i.nforce free field configura-

tions , is that. there is only now emerging a concensus in plasma physics

of how it occurs. The creation of the turbulence necessary for recon-

nection is probably best described as being driven by an anisotropic

velocity distribution (Meyerhofer and Perkins

complex physical phenomena that has ever been

loss from a Tokamak fusion toroidal confinement

1984). Probably the most

understood is the plasma

experiment. Perhaps the

understanding of this turbulence-driven reconnection phenomena will be

applied throughout astrophysics, but currently it is too complex and too

uncertain to base a theory of thr origin of the ultra-ener8etic

particles with confider,~e. (-)nthe other hand there is no confidence in

any other mechanism for that matter.

(7) An emerging possibility for the acceleration of cosmic rays in

this galaxy, as well as all others, is the possibility that the Cyg X-3

machine is universal . Here the startlingly high energy gamma rays

believed to have been observed from this binary star x-ray source of
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~015
greater than eV (as well as several other sources) implies an

15
accelerator of (probably) protons of 10 to 1017 eV. There is sugges-

tion by Chanmugan and Brecher (1985) that this accelerator is similar to

the accretion disks postulated for black holes and quasars (Lovelace

1976, Blandford and Vnajek 1977). I would like to suggest, at the end

of this paper, that a more likely explanation resides in understanding

the unipolar generator associated with a near-stationery magnetized

neutron star and an accretion disk. The one major problem with any

acceleration mechanism near a neutron star is finding a rational explan-

ation for the effective electrical insulation.

The general property of all these mechanisms with the possible

exception of the supernova envelope shock, is that a time-dependent loss

during a time-dependent acceleration leads to a power law distribution

of accelerated particles.

Stochastic Shack Acceleration

We discuss next the stochastic shock acceleration in the inter-

stellar medium with the purpose of extending this discussion to the very

difficult problem of finding a possible site for such shock acceleration

of ultrahigh energy particles in the intergalactic environment. This

discussion follows mostly that of Hillas (1984). The fundamental

assumption of a cosmic ray acceleration shock is that the major fraction

of the energy density of the shock remains local, and does not diffuse

to places where the conditions of the medium are significantly

different, i.e., the local Hugoniot relations apply. One generally

assumes a parallel shock, that is where B is roughly parallel to the

direction of shock propagation because this represents the majoritY

circumatanc~ in terms of sclid angle. A very small departure from a
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perpendicular shock allows relativistic particles to escape along lines

of force.

p=<< 1.

is of the

We further assume that the shock velocity is small or

The energy gained by a particle crossing such a strong shock

order of E~s, and the particle loss by convection downstream

is determined by the number of crossings ~ l/~s. Particles are lost

when they are convected downstream at the fluid velocity z 1/4 ~ . Then
s

analogous to photon diffusion, this occurs at an “optical deptl).”T =

l/~s from the front. On the average K2 = (1/~s)2 scattering will take

place before the particle will get lost downstream during which time a

particle will cross the shock front T = l/@s times roughly doubling its

energy.

scattering

These

Therefore there are two requirements : space ~ (1/p~J

lengths znd time ~ (Ilps)z scattering time.

results when combined with statistics result in a spectrum

dN/dE Z E-2 and hence the cosmic ray spectrum. This requires that

particles be scattered on either side of the shock as shown in Fig. 3.

There will be two different mean free paths, upstream and downstream, Al

and A2.
-1

Ty-pically the shock speed is 108 cm s , or ~~ = 1/300, and

therefore 4 x105 scattering are required for ten-fold energy gain. It

is this very large number of scattering that requires that :1o other

phenomena. interfere. In particular, energy lost by ultrahigh energy

particles is suggested by Eichler (1984). This requires a very delicate

balance between gain and loss at high energy, so as not to alter the

Hugoniot relations based on the local assumption. The rate of energy

gain from such a shock is then Z c$~/(A1+4A2) as given by LaGage and

Cesarsky (1983).

The scattering either side of the shock must depend on Alfv6n wave

turbulence , which in turn must be excited by an anisotropic distribution
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of the upstream flux of particles. A reasonable estimate of the distance

required to scatter a particle in non-saturated Alfvkn wave turbulence

is Al ~ 10R
Larmor”

This assumes a distribution from saturation

turbulence at the shock from to negligible turbulence in the ISM. The

growth rate of the relevant velocity space instability is energy density

and isotropy dependent. Then the space or distance ahead of the shock

required for acceleration is L = A /~ or 3 x 10
1s

3 RLamor. A supernova

collides with roughly a thousand times its mass in 30 to 50 parsecs

radius, and hence this is the radius of what might be called the strong

-3
shock in the ISM where ~s = 3 x 10 . For an energy gain of tenfold for

each particle, the limiting energy corresponding to this radius, or 3 x

103 Larmor radii,
13 ev

is 3 x 10 . Hence this is upper energy limit for

20
supernova shock acceleration in the ISM. By way of comparison, a 10

eV proton has a Larmor radius of 30 kpc in a 3 pg field or roughly one

galaxy diameter. An extension of these same arguments restricts the

possibility of reaching the energy of ultrahigh energy cosmic rays in

any known extragalactic sites.

Sites for Possible Extragalactic Ultrahigh Energy Cosmic Ray Acceleration—.

Consider a typical shock strength of ~s = 1/300 and a required

acceleration dimension of 3000 Larmor radii. For a typical extragalac-

tic magnetic field of 10
-8

gauss, this requires a dimension of 3 x

104 Mpc, a dimension greater than the size of the universe. Even a

relativistic shock requires a dimension of 100 Mpc, but such a shock

would be highly

to say nothing

typical ambient

luminous in a region larger than the local supercluster

of requiring an energy density at least 107 times the

medium energy density of 100 eV. Radio galactic lobes
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of typical dimension

gauss average field

inadequate by 10 to

several times 10 kpc and possibly several micro-

are no better than our own galaxy, which is

103, depending upon the shock strength. The hot

spots within these lobes, radio galactic hot spots, may be 1/10 the lobe

dimension and times 10 the

inadequate in size and field

accelerated particles high Z

of both these circumstances

(1984) . Recently Jokipii and

magnetic field strength. This is still

unless the shocks are relativistic and the

like iron nuclei. The frequent occurrence

seems unlikely as discussed by Ifillas

Morfill (1985) have suggested acceleration

-3
in the galactic wind shock at R - 100 kpc, fls= 1.7 x 10

galactic -
and

B = 1.8 X 10-7 gauss. Ev~n assuming an Archimede~’ spiral field,
wind

Bohm diffusion, i.e., A = Larmor radius, the space is too small by
s

203.6 X 103 for a 10 eV proton. The alternative suggested by Jokjpii

(1985) is to assume a perpendicular shcck.

Time of Acceleration

In addition, the field strer.gth must not be too great, otherwise

synchrotrons radiation becomes too large, and the particles are deceler-

ated by radiation emission in a time shorter

acceleration. The time for emission of the kinetic

proton by synchrotrons radiation is t = 1.4/(E20Bz)
s

ly, a typical presumed q{~asar magnetic field of 100

and if we let RLamOr/c = ‘s! B S 4/E20 gauss. This

than required for

20 e“
energy of a 10

years. Consequent-

gauss is too large,

excludes many other

possible sites for acceleration unless the acceleration is parallel to

B.

Active Galactic Nuclei Photon Losses.._—

There has been frequent reference (Brecher aud Burbidge 1972) to

possible acceleration of ultrahigh energy particles in active galactic
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nuclei, quasars, etc. There is one major problem with acceleration in

active galactic nuclei (AGN) and that is, if a particle is accelerated

from within such an such an object, it must encounter a fraction of the

photons by which we observe it. A large energy density of photons is

implied by the short fluctuation times and large luminosities observed.

A proton of 1020 eV, interacting with such an optical or infrared

photon, is transformed by its energy factor, 2r E 101’, to a photon

whose energy is su~ficient z 10*1 eV, necessary to radiate n’s as well

as a zoo of other particles. The energy loss becomes immense even for

Comptoc scattering, and meson interactions will increase this by several

orders of magnitude. A 1020 eV proton traversing the radiation field of

the quasar 3C273, causes the proton to radiate by Compton scattering

a~~n~ some thousand times its kinetic energy, and hence a small fraction

of the traversal of such an object in any proposed acceleration process

would cause a radiation damping that far exceeds any plausible accelera-

tion (Colgate 1984). The j.nfrared emission is much worse than the

optical because of the higher photon energy density and the still

greater photcjn number density. X-ray sources that have shorter

fluctuation times imply smaller sizes and comparable or even greater

photon energy densities, and hence are even more unlikely to produce

ultrahigh energy particles without overwhelming radiation loss. As a

generai rule, if we can observe any hject by radiation outside the

radio spectrum, its photon density will be so grea~ as to prohibit the

acceleration of ultrahigh energy particles.

Supernova Envelope Shock

If the supernova envelope shock propagates into a tenuous magneto-

sphere of the presupernova star, it could create ultrahigh energy
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particles and avoid the problem of radiation and finite Larmor orbit.

In this case acceleration occurs in the bulk matter by a pressure

gradient in the local comoving frame of the relativistically ejected

matter. A strong relativistic shock similar to a nonrelativiscic shock

divides energy equally between kinetic and internal energy density. The

mass density of this internal energy den.%ity means that the fluid

velocity, and hence kinetic energy per original particle, is initially

relatively smali. The subsequent expansion [and acceleration) results

in a final energy of expanded ~elativistic matter that far exceeds the

initial kinetic energy of the same matter immediately behind a relativ-

istic shock. This acceleration is then relatively free of the

constraints of Larmor radius and dimension.

A relativistic SN envelope shock

dwarf as a presupernova star where the

central density is 109 to 1010 g/cm-3,

-3
g/cm . The ratio is then pcen/psurf

-16
the surface is lC . An explosion,

requires a small compact white

8
surface radius is ~ 10 cm. The

-4
and the surface density is 10

z 10’4 and the mass fraction of

either thermonuclear or neutron

star collapse inside of this mass distribution will always lead to a

strong shock because of high sound speed inside and a low sound speed

outside. A nonrelativistiic shock in a d ‘lsity 8radient gives rise to

E /9 ~~-~”h,z pvf$&
-2.5

shock
The exlernal mass fraction F = N(>E) m E .

This applies to an envelope strllcture similar to a polytrope Of index 3.

Unfortunately this integral spectrum E
-2.5

is too steep to give a cosmi(.

ray spectrum by roughly one power of E. There is, however, lots of

energy from the supernova, so that the total energy with

factor 1-> 2, i.e., kinetic energy equals the rest masx,

M8/2 % 5 x 10
48 -6

erg~ for FI.=2 = 10 . One needs ruu~hly

a relativistic

is c‘F
(r“ = 2)

dollhlr this or
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~049
ergs for Type I supernova to maintain the cosmic rays in the

galaxy.

Relativistic Shocks

A plane parallel relativistic shock gives rise to an energy vs mass

fraction E = F
-.48 or, N(>E) a E-2 and for a spherical shock wave

-2.5
possibly a E . The ❑aximum energy when such a shock wave breaks

through the
-2

stellar surface layer (pr = 1 g cm )

r = 1G5 to 106, = 1014-15 eV. This limit is similar

shock acceleration within our galaxy, but in this case

icantly fewer particles than are neczssary for cosmic

is of the order

to the stochastic

there are signif-

rays. The compo-

sition of Such matter is determined by the original composition

(presumably recently accreted] and the fact that immediately behind the

shock the lepton density, i.e. , from pairs, is roughly 104 per nucleon.

These additional leptons supply the cushion for acceleration of the

heavy nuclei in the shocx transition so that heavy nuclei can be

accelerated in the shocked fluid without decomposition due to nuclear

spallation Hence the shocked materisl should carry the same composition

as the unshocked material. of the presupernova envelope, which in turn

should correspond to the composition of the material recent’.y accreted

from the companion binary star, This mass fraction is so small,

(~ 10-6) that it has not been altered by nuclear processes,

Fig. 4 shows

the envelope of a

9G” one obtains a

to log N(>E) and

the energy vs masR fraction expected from a shock in

compact white dwarf for a SN1. By turning the graph

-1
cosmic ray spectrum where log F become~ equivalent

log (t-l) becomes the energy scale. In addition the

density of a degenerate polytrope is superimposed along with the

temperature behind the shock. One notes that in the relativistic region,



14

the shock temperature is of the order of several 109 degrees, enough to

cause some nuclear

expansion. One also

energy of the shocked

synthesis in the relatively short time before

notes the relatively large differenc~ between the

matter irmnediately post shock and the energy after

expansion. This relatively large factor at high energies, for ultra-

relativistic shocks, is due to the fact that the energy behind the shock

resides in mass energy density. Upon expansion this mass energy

density, photons and pairs, recombine and is converted into kitletic

energy of a relatively few nucleons. Hence a relatively modest relativ-

istic shock at the surface of the neutron star with an energy factor

r = 80 corresponds to a post expansion energy factor of E 106. A
s

nucleon is then accelerated in the comoving relativistic fluid frame by

the pressure gradient associated with the original heat deposited by the

relativistic shock. One not~s in this figure the line drawn to indicate

what would be require.’ to produce the cosmic ray spectrum if no subse-

quent loss or gain mechanisms apply. One observes the relatively lar~e

difference between the observations and the expected spectrum, Various

effects of interaction within the galaxy occur that may make this wors(’

or better.

The Hi@l Ene~ Limit-— —.. —...-—.——.

When a shock breaks through Lhe surface of such a supcrtlovii stirr,

rn ~ 80, the initial surface conditions will be scalp hr’iKht,

100 m, psurfacp = 10
-2

‘:{, hp = lgcrr
-2

g cm , F w 10-16, ‘1’tle

tic shock, I“g= 80, will comprc?~s the f]IJid in LhP crrrnoving

factor of 4 r LO a nurleor, dens4ty of 3 fi/cm3 and a rest mass d~nsity
$;

of 240 g/cm3. It in this r~l~tiViSti[” fluid with a few irnpeddr[l

nucleons thlit ultimately rxpanrls to r4 1’ of rough]y 105 to 10(’ 0)



1014
- 15

ell per nucleon, depending upon the details of spherical

expansion.

One next observes that if the local magnetic field were 106 gauss,

a modest value for such a star, the flux within one scale height would

be 108 gauss cm which is sufficient to contain a proton, local to the

scale height, with rfluid = 80. Hence a relatively modest imbedded

magnetic field of a corona of such a star holds the possibility of

propagating the relativistic shock to much lower densities and much

higher ●nergies. The limiting case corresponding to a final.scale height

of 5 x 103 cm and density 10
-14 -3

g/cm and c~ronal density ne of

1010 cm-3. This corresponds to a coronal xternal mass fraction of

5 x ,0-’” of 1011-12
20

of the star or r
final

or an energy E = 10 eV.

The relativistic shock in the magnetized plasma is dominated by the rest

mass of its energy density, namely, pairs, photons, and a modest

magnetic field. ‘he Larmor radius of a proton is always small compared

t.o the local scale height in the comoving frame, Hence ultrarelativis-

tic acceleration is feasible i,~ the expansion of aucb a relctivisitc

fluid, but it has othel major problems like running into the inter-

stellar medium,

Ex~Jansion in ISM——-— .———..—

The usual picture of the ●xpal’aion of the mass ejected from tht

supernova is that it blows d “bubble” in the interstellar medium causin8

Lhe matter internal to the bubble t~ undergo adiabatic expansion by PdV

work (Kulsrud and Zweibel 1975). Figure 5 shows a picture of the

expansion of’ such a bubble with cosmic rays presumably rrflec’tin8 from

the ma$nctic boundary back into the expanding debris. The reflection of

such particles bark into thr expandin8 bubble takes plar~ beceunc of’
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hydromagnetic waves or Alfv& wave scattering. This is the same

scattering as is invoked for the return of particles back and forth

•~ross the sh~ck in the stochastic shock acceleration mechanism. The

excitation of such wave turbulence requires a progression of a relative-

ly large anisotropic flux (energy density ~ (B2/8n) and a distance of z

10 Larmor orbits befor,s the necessary turbulence is excited, i.e., see

LeGage and Cesarsky (1983) for an analysis of the gradient of hydro-

magnetic turbulence intensity ahead of the shock.

Relativistic Piston and Shock Interaction with the ISM

An alternate view of the supernova expansion into the ISM is that

the relativistic ejected matter is trapped in the magnetic boundary and

sttichaatically shock accelerated, Fig, 6. The energy density of the

cosmic rays ejected from such a relativistic supernova shock first

expands as a relativistic piston. The leading cosmic rays are of course

the most energetic, but immediately following is a larger mass fractinn

of lower energy matter. The distribution in spa(r of this distribuLed-

in-energy piston is surprisingly compact. For example, the radius at

which the relativistic cosmic rays, r = 2, coll,jde with equal mas~ of

-3
thr ISM, nj e = 0,1 cm , fs determined hy:

t

‘r=2 A = “i,~
R3 4n/3 .
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Hence the point where the interaction of the SN ejects first.becomes

subrelativistic is close to where the dispersion in ejects velocities

first allows the excitation of the turbulence necessary to scatter the

cosmic rays back into the ●xpanding bubble, On the other hand the

cosmic rays are now well embedded in the galactic magnetic field. In

order to return to the vacuum bubble, the particles must scatter

upstream in a near nonrelativistic medium where the ilux of particles is

greater by the ratic ~2c2M/R2. Since we are now concerned with a near

relativistic piston driving a near-relativistic shcck in the ISM,

V2CXM-”4, then the flux is proportional
to M0.6,R2

Therefore the

hydromagnetic turbulence at any given time will be greater at smaller

sadii, and the cosmic rays will tend lo be trapped ahead of a near

relativistic shock. If cosmic rays are later accelerated at near zero

energy in the ISM by a relatively week shock of $s ~ 1/300, then an

initial relativistic distribution should be far more energized by a near

relativistic shock operating on a particle distribution already near the

desired final one, However, the effectiveness of the shock scales as

(~h~rk time/time for acceleration) = (R/@s)/fl2 or ~sR, but the nonrelu-
S

tlvin’.il’ shock velocity scales

fi~ = (M0“6/R:j$ = M“”3 R-:]’z .

Then the effectiveness scale~ as M0“3 R-* and Bince the radiuti where

.
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-0.8
by roughly E . The subsequent post-shock expansion is comparable for

both regions of the supernova 1S!4shock.

The energy ❑ultiplication required for the supernova-injected

spectrum is so much smaller than that starting from thermal in the ISM,

that the injected spectrum and the ISM relativistic shock pr)st-

acceleration would seem to be more likely to produce the observed cosmic

rays. Certainly the previously proposed large adiabatic expansion

deceleration is unlikely and a post-relativistic lSM shock acceleration

more likely, but the final outcome is not evident.

Cyg X-3 Cosmic Ray Acceleration

It has been well recognized that the ultrahigh energy gamma rays

>1015
16

eV and up to 10 eV observed by Cyg X-3 are a strong indication

of an extraordinary accelerator (Eichler and Vestrand 1984). The

cascade models of gamma ray production from relativistic ultrahigh

energy protons would indicate that the most likely source of the gamma

rays comes from protons of roughly 10 to 100 times higher enelgy or a

17 ev
minimum of 10 . Cyg X-3 is evidently a neutron star and a binary

with an accretion dish, since this model fits the x-ray source. With

this as the starting point., Eichl.er nnd Vestrand (1984) and now recently

Chnnmugurn and Brecher (1985) have proposed models o: the acceleration of

particles in such an environment. These are either a rotating

magnetized neutron ~tar as Eichler (1984) considered, or as ChanmuRanl

and Brecher (1985) considered, an accretion disk threaded witli a

magnetic field compres~ed and convcrtod with th(’ac-rr~ting mass flux.

This model itiessentially thfll proposecl for qunsars and active galarti[
1, ,/

nuclrl by Lovelace (197(]) and independently by Blandford (1976)., 1

would like to Connider n nllRht]y dlfferrnt view of ~uch an i-i(’(’eleratot’,
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The magnetic field in the Chanmugam-Brecher (1985) ❑odel is presumed

convected with the radial flowing mass flux of the accretion disk, as

indeed it must be in the case of a black-hole ac;retion for an actiwe

galactic nuclei. The reason is that there is no central object in the

case of a black hole to pin and support the magnetic flux necessary to

thread the accretion disk to result in the high voltages required for

acceleration. Instead, we consider a magnetized neutron star, essen-

tially stationary, and allow an accretion disk surrounding it, Fig. 8.

We point out that the magnetic flux of a neutron star should diffuse

radially outward into the connectively evolving disk despite the

opposite and implied radially inward mass flow. The magnetic flux in

the neutron star should diffuse radially outward in a steady-state

vacuum situation simply because the angular momentum of the disk must be

flowing r~dially outwards by whatever diffusion mechamism is leading to

the viscosity necessary for the radial accretion of the matter in the

first place, namely, the a-viscosity of the disk. Presumably the

diffusion that leads to the a-viscosity must allow diffusion of the

vector field in both directions, so that a gradient of magnetic flux,

steeper than the vacuum field configuration, should lead to a relaxed

state of magnetic flux threading the disk. Under these circmnstancen,

we have a field threading the disk much like a unipolar generator,

Fig, 9. It is a simple matter to integrate the equations to give the

20 e“
electric field to obtain a total potential of 10 . The catch 22 in

this picture is that the electric field generated by the unipolrnr

generator must exist along the lines of force between the disk and the

neutron star. Just why such a large electric field should not lead to



. .

breakdown by pairs and gammas and then the current necessary to maintain

the magnetic hydrodynamic conducting limit is a puzzle. However, the

circumstance of a binary accretion disk and ruwtron star x-ray source,

and a necessary o-viscosity, leads one to suspect that there is a pony

somewhere. A conclusion is that there is as yet no conclusion to the

problem of how to accelerate the ultrahigh energy cosmic rays.

I am indebted to Albert Petschek for discussions , understanding ~.

doubt .

This work was supported by DGE,
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